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Abstract

The proximal segment of murine kidney tubule cells (KTC)
constitutively expresses low levels of class II major histocom-
patibility complex (MHC) that are upregulated during local
and systemic inflammation. It is not known if KTC also express
the costimulator molecules necessary for them to productively
participate in immune responses and stimulate T cells. To an-
swer this question, we studied the ability of KTC to present
antigens to four Th1 clones. KTC did not induce T cell prolifera-
tion to specific antigen, superantigen, or concanavalin A. How-
ever, T cell receptors did engage the peptide /MHC ligand pre-
sented by KTC, as indicated by T cell enlargement and upregula-
tion of interleukin-2 receptor expression. Importantly, KTC
failed to express the Thl costimulator, B7, as detected by fluo-
rescence cytometry and reverse transcription polymerase chain
reaction. We directly demonstrated that lack of B7 expression
accounted for at least part of the KTC presentation defect, in
that a KTC line transfected with the cDNA for B7 stimulated T
cell proliferation to antigen. Our results suggest that epithelial
cells expressing class I MHC have developed mechanisms to
prevent costimulator expression and limit parenchymal tissue
destruction. Failure of class II-expressing epithelial cells to
limit costimulator expression may be an important component
of organ-specific autoimmunity. (J. Clin. Invest. 1994.
93:1208-1215.) Key words: antigen-presenting cells « histocom-
patibility antigens, class II « kidney diseases ¢ kidney tubules,
proximal « T lymphocytes

Introduction

The expression of class II major histocompatibility complex
(MHC) molecules is predominantly limited to professional an-
tigen-presenting cells (APC)' such as macrophages, dendritic
cells, and B cells. However, certain specialized epithelia, such
as the thymus and small intestine, also constitutively express
class II MHC molecules (1-3). The murine proximal tubule
(PT) is another epithelium that constitutively expresses low
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levels of class I MHC molecules (4-6) and significantly upre-
gulates class II expression in response to systemic infection (6),
graft-vs.-host disease (7), and allograft rejection (8). The physi-
ological purpose of PT class Il expression, and whether PT class
II MHC expression alone will allow these cells to function as a
conventional APC and participate in local immune responses,
is not known. However, a variety of data suggest that kidney
tubule cells (KTC) may function as APC. Inflammation in the
renal interstitium frequently plays a critical role in the progres-
sion of a variety of kidney diseases. Studies from Schainuck et
al. (9), examining a large group of patients with a variety of
glomerular diseases, led to the conclusion that loss of renal
function was most closely correlated to interstitial changes ob-
served around the renal tubules. The important role of tubu-
lointerstitial inflammation in the ultimate loss of renal func-
tion was noted by other investigators in human as well as ani-
mal models of glomerular disease (10-13). More specifically,
in a variety of glomerular inflammatory diseases as dissimilar
as SLE nephritis and IgA nephropathy, T cells infiltrating the
interstitium but not the glomerulus have correlated with the
loss of renal function (14-16). An important but unresolved
question is whether the KTC or some other cell in the intersti-
tium is presenting antigen to the T cells.

Studies from our laboratory using freshly isolated KTC
have shown that the PT, in addition to expressing class [l MHC
molecules, is capable of processing and presenting self as well as
foreign antigens in vivo to CD4* T cell hybridomas (6). Stud-
ies from V. Rubin-Kelley and colleagues examining trans-
formed PT cell lines treated with IFN-y, have also demon-
strated that KTC can process and present foreign protein
antigens to T cell hybridomas (17). Interestingly, these investi-
gators demonstrated in an in vivo murine model of SLE that
PT expression of class I MHC molecules preceded the tubu-
lointerstitial nephritis and loss of renal function, suggesting
that the PT may in fact play an important role in the initiation
of nephritis (18). In most of these diseases, however,
concomitant infiltration of the interstitium with class II-ex-
pressing mononuclear macrophages or dendritic cells has ac-
companied the lymphocytic infiltration ( 14). Thus the antigen
presenting role of the PT in vivo remains undefined.

While the expression of class II MHC/peptide antigen is
sufficient to stimulate lymphokine production by most T cell
hybridomas, APC must express additional costimulatory mole-
cules to stimulate CD4* Th clone proliferation (19). It is not
known if PT cells, or any other epithelial cells, provide this
costimulation. We now show that with Thl clones the T cell
receptor (TCR) is engaged by peptide/class I MHC on the
KTC but the clones do not proliferate. We also demonstrate
that, even after activation of the KTC by systemic infection,
the Thl costimulator molecule B7 is not expressed. Despite
expressing immunogenic complexes without B7, however,
KTC do not reliably anergize Thl clones. Transfection of a



cortical kidney tubule cell line with the cDNA for B7 allows
Th1 clones to proliferate to antigen presented by the B7 trans-
fectants. Thus, regulation of B7 expression, and not simply
class I MHC, may be a critical feature of PT cell antigen presen-
tation function.

Methods

Mice. Female CBA/JCr mice were purchased from the National
Cancer Institute (Bethesda, MD), maintained in a pathogen-free
room, and killed at 6-24 wk of age. B10.BR mice were purchased from
the Jackson Laboratory (Bar Harbor, ME) at 6-8 wk of age. The trans-
genic mouse line Tg(SV40E)Bri7 was obtained from Dr. Ralph Brin-
ster (University of Pennsylvania, Philadelphia, PA ) and the H-2* haplo-
type introduced by breeding with CBA /J mice.

T cell hybridomas and clones. YO1.6 is a T cell hybridoma re-
stricted by I-E* that recognizes the peptide fragment (64-76) of the d
allele on the $ minor chain of murine hemoglobin [abbreviated
Hb(64-76)]. The Thl clones PL.17, 3.L2, and Hb#2 recognize
Hb(64-76) in the context of I-EX (20). The Th1 clone AR.2N6 recog-
nizes a hen egg-white lysozyme peptide, abbreviated HEL(18-33), in
the context of I-A¥ (21). Clones were maintained on a biweekly pas-
sage schedule and used in experiments no sooner than 14 d after pas-
sage. Before use in experiments, clones were treated with anti—class Il
MHC antibody-coated magnetic beads to remove any contaminating
APC before use in experiments. In all assays, clones were routinely
cultured with peptide (not protein) antigen alone since experiments
indicated that culture of clones with peptide antigen was more sensitive
at excluding APC carryover from the Th1 cultures. In no experiment
was this background proliferation > 1500 cpm. T cell hybridomas and
clones were passaged in RPMI 1640 (Gibco Laboratories, Grand Is-
land, NY) supplemented with 10% bovine serum (Hyclone Laborato-
ries, Inc., Logan, UT), 2 mM glutamine, 50 ug/ml gentamicin, and 2
X 10~° M 2-mercaptoethanol.

Induction of KTC cell class II MHC expression by L. monocyto-
genes infection. CBA /J mice 6-24 wk of age were given 2 X 10* live
Listeria monocytogenes i.p. in PBS (LDs, = 1 X 10° bacteria) and the
kidneys removed between days 8 and 14.

Preparation of KTC. KTC were isolated by a modification of the
method of Vinay et al. (22). With this protocol, tubules enriched in the
proximal segment are isolated from a continuous Percoll (Pharmacia
Inc., Piscataway, NJ) gradient at ~ 1.23 g/ml, a density that we have
found to be free of contamination from B cells, macrophages, and
dendritic cells, which have densities of < 1.010 g/ml (6, 23). Kidney
tubule segments were then digested with trypsin 0.05% ( Sigma Chemi-
cal Co., St. Louis, MO) and | mM EDTA (Sigma Chemical Co.) in
PBS for 10 min with continuous shaking. The remaining supernatant
contained predominantly single PT cells. Experiments in which these
cells were further adhered for 2 h in 10% serum (to remove macro-
phages) followed by treatment with a cocktail of antibodies against B
cell (anti-mouse-IgG+M and the anti-CD45 mAb I, ;), macrophage
(M1/70), and dendritic cell surface markers (I;,, ;) and complement,
yielded identical results. Thus, we are confident that these tubule prepa-
rations are free of conventional APC. On the basis of histochemical
staining and class II MHC expression this preparation of KTC is 70—
80% PT cells with the remainder of the cells being other tubule cells.
Dead cells were removed by centrifugation through Ficoll (Pharmacia,
Inc.) and the remaining viable cells were used in experiments. For
experiments using T cell clones only, KTC were irradiated with 2,000
rads to inhibit proliferation.

Production of transformed kidney cortical tubule cell lines. Kidneys
were removed from 6-wk-old [ Tg(SV40E)Bri7 X CBA/JCr]F1 mice
and PT segments removed by an experienced kidney tubule microper-
fusionist (Dr. L. Lee Hamm, Tulane University, New Orleans, LA).
Tubule segments were placed into a 50:50 mixture of serum-free
RPMI/Ham’s F12 to which insulin 5 ug/ml, transferrin 5 ug/ml, thy-
roxine 3.5 ng/ml, sodium selenite 1.75 ng/ml, EGF 15 ng/ml, 2-mer-

captoethanol 2 X 10~° M, and gentamicin 50 ug/ml was added (com-
plete media). Cells that grew from the explants were cloned by limiting
dilution and examined for antigen presentation functions. Only cell
lines whose antigen-presenting phenotype mimicked that of freshly iso-
lated PT cells were further characterized. These cells stained positively
for alkaline phosphatase and nonspecific esterase and produced cAMP
in response to parathyroid hormone as well as antidiuretic hormone. In
addition, these cells expressed high basal levels of intercellular adhesion
molecule-1 (ICAM-1) and upregulated class Il MHC expression with
IFN-vy treatment. Thus the cells exhibit predominantly a PT pheno-
type. The cell line 1-1D3 was the representative cell line used in these
experiments.

Transfection of the transformed kidney cortical tubule cell line
1-1D3 with murine B7. Subconfluent cultures of 1-1D3 in six-well
plates were mixed with the Lipofectin reagent (Gibco BRL, Gaithers-
burg, MD) and 10 ug of the cDNA for murine B7 in the BCMG vector
(mB7-BCMG, kindly provided by Dr. Casey Weaver, University of
Alabama at Birmingham, Birmingham, AL) (24). G418-resistant cells
were expanded and cloned by limiting dilution. Transfectants (D3.B7)
were screened for B7 expression by fluorescence cytometry and reverse
transcription (RT) PCR.

Analysis of KTC for B7 by RT-PCR. Freshly isolated KTC were
prepared from normal mice or mice injected with L. monocytogenes
8-14 d previously or from the various transformed KTC lines. The cells
were washed in RNase-free PBS and RNA isolated as described by
Gough (25). First strand cDNA synthesis was performed using Super-
Script RT (Gibco BRL). To amplify the cDNA for B7, PCR was per-
formed on a DNA thermal cycler (Perkin-Elmer Cetus Corp., Nor-
walk, CT) using the primers: 5’ TAAGGTATTGCTGCCTTGCC and
3' TCTGACACGTGAGCATCTCC. These primers amplify a 546-bp
fragment. As a control, RT-PCR of the murine IFN-y receptor was
performed simultaneously using the primers: 5' TTGCAGATC-
TGCACGTGACGCCAAGGCCAGGC and 3' ACTAGATCTCT-
CTTACTTCTTAGTATACCAATACG. These primers amplify a 1-
kb fragment. The PCR-amplified products were electrophoresed
through a 3% agarose gel (NuSieve, FMC BioProducts, Rockland, ME)
and bands identified by ethidium bromide staining.

Fluorescence cytometry. Thl clones were cultured either alone,
with APC alone, or with APC and antigen for 24-48 h. The cells were
resuspended and layered onto Ficoll (1.077 g/ml, Pharmacia, Inc.),
and the viable T cell clones were harvested, washed, and stained for 30
min on ice with primary antibodies. Cells were then washed and
stained with a FITC-conjugated secondary antibody directed against
the primary antibody. T cell clones were analyzed for size by forward
light scatter and for the surface expression of CD3e, Thyl.2, CD4, and
IL-2 receptor (R) using a Becton-Dickinson (Mountain View, CA)
FACScan. The anti-CD3¢ mAb 145-2C11 was obtained from Dr. J.
Bluestone and anti-Thy1.2 mAb AT83A from Dr. F. Fitch. The anti-
CD4 mAb GK1.5 and anti-IL-2R mAb 7D4 were obtained through
the American Type Culture Collection (Rockville, MD). FITC-conju-
gated secondary antibodies were obtained from Jackson ImmunoRe-
search (West Grove, PA). To characterize the KTC and D3.B7 trans-
fectants for the surface expression of B7, cells were incubated either
with the control antibody anti-CD?3 ( 145-2C11), the anti-B7 monoclo-
nal Ab 16-10A1 (kindly provided by Dr. Hans Reiser, Dana Farber
Cancer Institute, Boston, MA), buffer alone, or CTLA4Ig (Bristol-
Myers Squibb Pharmaceutical Research Institute, Seattle, WA). After
30 min on ice, the cells were washed and stained with goat anti-ham-
ster Ig-FITC (Jackson ImmunoResearch; anti-CD3 and anti-B7-
stained cells) or a polyclonal goat anti-human e, v, u-chain specific
PE-conjugated antibody (Sigma Chemical Co.; buffer alone and
CTLAA4Ig-stained cells).

Antigens, enterotoxins, and mitogens. Hb(64-76)and HEL (18-33)
were synthesized on a DuPont RaMPS apparatus (Wilmington, DE)
using 9-fluorenylmethoxycarbonyl chemistry and purified by reverse-
phase HPLC as previously described (26 ). Staphylococcal enterotoxin
A (SEA) was obtained from Toxin Technology (Sarasota, FL). HEL
protein and Con A were purchased from Sigma Chemical Co.
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Antigen presentation assays. Freshly isolated KTC (3-5 X 10%/
well) were cultured with the T cell hybridomas (10°/well) or T cell
clones (3-5 X 104/well) in 96-well flat-bottomed plates (Costar, Cam-
bridge, MA), either with or without antigen in a final volume of 0.2 ml.
Culture media consisted of complete media with 10% bovine serum
(Hyclone Laboratories, Inc.). To measure T cell hybridoma stimula-
tion or Th1 clone IL-2 production, 0.1 ml of supernatant was removed
after 18-24 h of culture and added to the IL-2/4-dependent cell line
CTLL-2 (5 X 103/well). Wells were pulsed with [*H]thymidine (0.4
uCi/well) after 18-24 h and quantification of IL-2 production was
measured as [>H ]thymidine incorporation. For T cell clone prolifera-
tion assays, wells were pulsed with [*H ]thymidine (0.4 uCi/well) after
42-48 h of culture and harvested the next day. Proliferation was mea-
sured as [*H Jthymidine incorporation. For experiments using Con A,
Th1 clones were cultured with T-depleted spleen cells (GK1.5 and
AT83A treatment followed by complement, as previously described
[27]) or KTC and Con A (1-5 ug/ml). Wells were pulsed with [*H]-
thymidine (0.4 uCi/well) after 66-72 h and harvested the next day. All
assays were performed in a final volume of 0.2 ml.

Tolerization induction assays. T cell clones (5 X 10°/well) were
cultured in 24-well plates with either live, freshly isolated KTC (10¢/
well), freshly isolated KTC plus peptide antigen, 1-ethyl-3-(3-di-
methyl-aminopropyl) carbodiimide (ECDI, Calbiochem Corp., La-
Jolla, CA)-fixed splenic APC (5 X 10°/well), or ECDI-fixed splenic
APC plus peptide antigen, as previously described (28 ). In some exper-
iments, APC were fixed with 1% paraformaldehyde for 10 min at room
temperature instead of ECDI and identical results were obtained. After
48-72 h, the cells were resuspended and viable T cells recovered from a
Ficoll gradient. These T cells were then rechallenged with antigen on
live irradiated splenic APC as in the usual antigen presentation assay.

Results

KTC do not stimulate the proliferation of CD4* Thl clones.
Because previous experiments had shown that freshly isolated
KTC can process and present self as well as foreign antigens to
T cell hybridomas (6), we wished to determine if KTC were
able to provide the additional costimulatory signals required to
stimulate Ag-specific Thl clone proliferation. The I-EX-re-
stricted Th1 clone PL.17 proliferated vigorously to Hb(64-76)
presented by syngeneic spleen cells, but failed to do so when
KTC were used as the APC (Fig. 1 4). Culture of PL.17 with

syngeneic spleen cells and antigen also led to easily detectable
IL-2 production, as determined by the proliferative response of
the IL-2/4-dependent cell line CTLL-2 (Fig. 1 B). Culture of
PL.17 with KTC and antigen, however, failed to trigger IL-2
production. Simultaneous experiments with the T cell hybrid-
oma YO1.6 confirmed that the KTC expressed immunogenic
complexes capable of recognition (Fig. 1 C), although the con-
centration of antigen necessary to stimulate equivalent levels of
IL-2 production was consistently 10- to 100-fold greater when
KTC were used as APC compared to spleen cells. Identical
results were obtained with a larger panel of Thl clones, 2 of
which recognized Hb(64-76) in the context of I-E¥ and one
that recognized HEL(18-33) in the context of I-A¥. Similar
results were obtained with antigen concentrations as high as
316 uM.

We also wished to examine whether other stimuli capable
of triggering Th1 proliferation in the presence of professional
APC would trigger Thl proliferation with KTC. Thl clones
were cultured with Con A and either T cell-depleted splenic
APC or KTC. Again, the clones proliferated only when cul-
tured on the splenic APC (23,077 cpm) and not on the KTC
(< 150 cpm). Similar results were obtained when PL.17, a
V1" clone that proliferates to the superantigen SEA only in
the presence of APC expressing costimulators (Dr. Evavold,
unpublished data), was cultured with T cell-depleted splenic
APC or KTC: SEA triggered proliferation only when PL.17 was
stimulated on the T cell-depleted splenic APC (data not
shown). Taken together, this series of experiments showed that
although KTC expressed recognizable immunogenic peptide/
class I MHC complexes capable of engaging the TCR, this was
insufficient to stimulate Th1 proliferation or IL-2 production.

KTC induce Thl signaling through the TCR. Because the
Th1 clones did not proliferate or produce IL-2 when presented
antigen on the KTC, we wished to determine if the KTC were
delivering any signal to the T cells. Visual inspection of the Th1
clones when stimulated with antigen and KTC suggested that
the clones were enlarging and entering the cell cycle. Thl
clones were therefore cultured with either antigen alone, spleen
or KTC alone, or APC plus antigen for 24-48 h in 24-well
plates and the viable T cells analyzed for evidence of T cell
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thymidine 48 h later and
harvested at 72 h. The data
shown is from a representa-
tive experiment using PL.17

(n> 6). Similar data was obtained with the other Th1 clones, all of which were tested at least three times. Proliferation of the clones to peptide
antigen alone was less than 1500 CPM. (B) PL.17 produces IL-2 when stimulated by antigen presented on splenic APC but not on KTC. The
experiment was performed as in 4 except that supernatants were removed at 48 h and added to the IL-2/4-dependent cell line, CTLL-2. Stim-
ulation of PL.17 was assessed as CTLL-2 [*H]thymidine incorporation. The data shown is from a representative experiment (n = 3). (C) Im-
munogenic complexes are present on the KTC and available for immune recognition. The T cell hybridoma YO1.6 (10°/well) was cultured in
96-well plates with Hb(64-76) and B10.BR spleen cells (5 X 10°/well) or freshly isolated KTC cells from L. monocytogenes-treated mice (3 X
10*/well). Supernatants were removed at 24 h and added to the IL-2/4-dependent cell line CTLL-2. Stimulation of the hybridoma was quan-
titated as the [*H]thymidine incorporation of CTLL-2. (0) Splenic APC; () KTC APC.
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Figure 2. Th1 clones stimulated by KTC cells and antigen enlarged and upregulated IL-2R expression. Th1 clones were stimulated as described
and stained for fluorescence cytometry analysis. Clones stimulated with antigen on KTC or splenic APC underwent a significant increase in cell
size as assessed by (A4) forward light scatter (FSC) and (B) upregulated expression of IL-2R. Dead cells were gated out by FSC and side scatter

(SSC) measurements. At 48 h, cell recoveries were 30-40% for T cells cultured without antigen on splenic APC or KTC, 50-60% for T cells
cultured with antigen on KTC, and 75-85% for T cells cultured with antigen on splenic APC. T cells stimulated with antigen alone (

4@4

)9

splenic APC alone (— — —), KTC plus antigen (« « « =+« =+« ), and splenic APC plus antigen (-« - - - - )

activation using fluorescence cytometry. FSC measurements
confirmed that KTC and antigen induced enlargement of the
Thi clones (Fig. 2 4). In addition, the clones demonstrated
significant upregulation of the IL-2R (Fig. 2 B). No changes in
CD4, Thyl.2, or CD3 were demonstrable (data not shown).
These changes were consistent with cell cycle progression into
G1 phase and suggested that the KTC deliver some signal to the
Th cells that results in an increase in cell size and upregulation
of the IL-2R.

KTC fail to express B7 and are not toxic to Thl clones. To
explore the possibility that the failure of KTC to fully stimulate
the Th1 cells was due to lack of costimulator expression, we
analyzed both KTC from normal mice as well as KTC from
mice infected with L. monocytogenes for the expression of B7
by fluorescence cytometry using the anti-B7 mAb 16-10A1 as
well as the fusion protein CTLA4Ig (Fig. 3, 4 and B). We could
not detect B7 or any B7-like molecules on any of the KTC. The
data shown is that obtained using 16-10A1. Identical results
were obtained using CTLA4Ig (data not shown). To examine

A. B.

whether the KTC might only express low levels of B7 undetect-
able by fluorescence cytometry, we isolated RNA from the dif-
ferent KTC preparations and performed RT-PCR (Fig. 4).
Again, no detectable B7 was observed from KTC prepared ei-
ther from normal mice or L. monocytogenes-infected mice,
while the B cell lymphoma CH27 demonstrated B7 surface
expression (Fig. 3 C) and mRNA (Fig. 4). The relatively low-
abundance mRNA for the murine IFN-vy receptor was detect-
able in these RNA preparations, confirming the sensitivity of
the assay. These experiments provided convincing evidence
that even with the strong stimulus of a systemic infection, KTC
failed to express the Th1 costimulator B7.

To rule out the possibility that the KTC exerted a toxic or
inhibitory effect on the Th1 clones, mixing experiments were
performed. Splenic APC and Thl clones were cultured either
alone or with various concentrations of KTC and the prolifera-
tive response of the Th1 clones to specific antigen determined
(Fig. 5). At the concentration of KTC used in these assays,
minimal KTC inhibition of Thl proliferation was observed,
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Figure 3. KTC from normal mice as well as from L. monocytogenes-treated mice do not express the Th1 costimulator, B7. KTC were prepared as
described from either normal (A4) or L. monocytogenes-treated (B) mice and incubated with an anti-B7 mAb (16-10A1, 10 ug/ml) or the control
hamster antibody anti-CD3 (145-2C11), followed by goat anti-hamster Ig-FITC. As a positive control, the B cell lymphoma CH27 (C) was
stained with the same reagents. Solid line: control mAb. Dotted line: anti-B7 mAb.
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Figure 4. RT-PCR fails to detect B7 expression in normal or activated
KTC. RNA was prepared from KTC isolated from normal mice as
well as from L. monocytogenes-treated mice, CH27, the KTC-trans-
formed cell line 1-1D3, and two B7-transfected KTC lines. First-
strand cDNA synthesis was performed and used as a template in the
PCR reaction for the detection of B7 and murine IFN-vy receptor, a
low copy number mRNA. The murine IFN-y receptor was detectable
in all cells (lanes /-6) but B7 was detectable only in the control CH27
cells (lane /3) and the B7-transfected KTC-transformed cell line that
was positive for B7 by fluorescence cytometry (lanes I and 8), control
B7-transfected KTC line negative for B7 expression by fluorescence
cytometry (lanes 2 and 9), parent KTC line used for B7 transfection
(lanes 3 and 10), KTC from normal mice (lanes 4 and 1/), KTC
prepared from Listeria-infected mice (lanes 5 and 12), B cell lym-
phoma CH27 (lanes 6 and 13), 1-kb DNA ladder (lane 7).

although at higher numbers of KTC (> 10°/well), progressive
inhibition of proliferation was seen (data not shown). In addi-
tion, we addressed this issue two additional ways. Th1 clones (5
X 10°/well) were cultured with either KTC alone (10%/well)
or KTC plus Hb(64-76) 50 uM in 24-well plates. After 24-48
h, the number of viable T cells was compared to the input
number of cells. In all experiments, more viable T cells were
recovered from the wells in which antigen was included (50-
60% viability with antigen vs. 30-40% viability without anti-
gen), arguing against the possibility that the KTC were induc-
ing antigen-specific programmed cell death in the T cells, as has
been reported for Thl clones (24, 29). In addition, T cells (5
X 104/well) were cultured with KTC (5 X 10%/well) and
Hb(64-76) or media alone in 96-well plates, with or without
IL-2 100 U/ml. If the KTC were inducing programmed cell
death in the T cells, one should see less T cell proliferation at
higher antigen doses. In fact, there was no difference in T cell
proliferation both with and without antigen (data not shown).

20000 Figure 5. KTC are not

toxic to Thl clones.
PL.17 (5 X 10%/well)
was cultured in 96-well
plates with Hb(64-76)
10 uM, B10.BR spleen
cells (5 X 10°/well),
and the indicated num-
bers of freshly isolated
KTC from L. monocy-
togenes-treated mice.
No significant inhibi-
tion of Th1 proliferation
/ A V77,  was observed at the
0 3160 At " ) number of KTC used in
the Th1 proliferation
Tubule Cells/well assays (3 X 104/ well).

15000 | g2z
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These experiments excluded the possibility that the KTC were
directly toxic to or killing the Th1 clones.

KTC transfected with mB?7 stimulate Thl proliferation. We
wished to directly test the hypothesis that lack of KTC B7 ex-
pression accounted for some if not all of the inability of the
KTC to stimulate Th1 proliferation. To test this hypothesis, we
generated the cell line 1-1D3, that demonstrated a phenotype
similar to that of the proximal tubule (see Methods) and stably
transfected it with the cDNA for B7 (D3.B7). This cell line,
which also demonstrated an antigen-presenting phenotype sim-
ilar to that of freshly isolated KTC, was cultured in vitro with
IFN-v, and examined for the ability to stimulate Th1 prolifera-
tion. PL.17 proliferated to antigen presented by the B7-express-
ing cell line but not when a control D3.B7-transfected KTC
line that lacked surface as well as mRNA expression of B7 as
used as an APC (Figs. 5 and 6 4). Control experiments with the
costimulator-independent T cell hybridoma YO1.6 indicated
that the two D3.B7 cell lines expressed similar levels of pep-
tide/class II MHC complexes, as evidenced by YO1.6 IL-2
production (Fig. 6 B). Thus only the KTC expressing B7 were
capable of causing PL.17 proliferation which was completely
blocked by anti-B7 antibody (data not shown). These results
showed that the failure of KTC to stimulate Th1 proliferation
was due at least in part to the inability of the KTC to express B7.

KTC do not consistently anergize Thl clones. It is currently
believed that Th1 clones stimulated by antigen in the absence
of a second costimulatory signal not only fail to proliferate but
are instead rendered profoundly anergic to restimulation by
antigen (30). Since the Th1 clones did not proliferate to anti-
gen presented by KTC, it was important to determine whether
the clones were anergized. We therefore performed tolerization
assays as described by Jenkins and Schwartz (28) and discov-
ered that KTC were poor inducers of anergy. In all experi-
ments, Th1 clones stimulated by antigen on ECDI-fixed APC
were completely anergic to restimulation by antigen on live
APC (< 1000 cpm, data not shown). Th1 clones stimulated by
antigen on live KTC, however, were not anergized (n=9).Ina
single experiment, significant anergy was observed, but in all
other experiments Thl clones simply required either 10- to
50-fold more antigen (n = 2) to trigger proliferation equivalent
to clones initially stimulated on fixed splenic APC without an-
tigen (negative anergy control) or else were totally unaffected
(n = 7). The lack of ability to consistently induce Th1 anergy
appears to be an important facet of KTC antigen presentation
function and not simply due to KTC damage during the isola-
tion procedure since the KTC stimulate T cell hybridoma IL-2
production at least as well as fixed splenic APC that are potent
inducers of anergy (data not shown). These results are consis-
tent with the view that while the KTC induce T cell signaling,
the signal transduced is either qualitatively or quantitatively
different from that transduced on traditional APC and in most
cases, not sufficient to induce anergy. Importantly, these re-
sults challenge the hypothesis that Thl clones encountering
antigen/MHC in the absence of costimulatory second signals
always results in T cell anergy and indicates that factors other
than the expression of class I MHC and costimulator mole-
cules may play important roles in preventing anergy induction.

Discussion

These studies show that the murine KTC demonstrate unique
antigen-presenting functions compared to professional APC.



Figure 6. (A) KTC trans-
fected with B7 stimulate Th1
proliferation to specific anti-
gen. PL.17 (3 X 10*/well)
was cultured in 96-well plates
with Hb(64-76) and B10.BR
spleen cells (5 X 10°/well);
IFN-y-treated, transfected
1-1D3 cells expressing B7
(D3.B7+, 3 X 10*/well); or
IFN-vy-treated, transfected
(G418-resistant) 1-1D3 cells
not expressing B7 by fluores-
cence cytometry or RT-PCR
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(D3.B7—, 3 X 10*/well).
Wells were pulsed with [*H]-
thymidine 48 h later and
harvested at 72 h. The data
shown is from a representa-

Hb(64-76) yM

tive experiment using PL.17 (n = 2). (B) Lack of B7 expression does not affect the presentation of Hb(64-76) to the costimulator-independent
T cell hybridoma YO1.6. KTC from the same experiment shown in 4 were also cultured with the T cell hybridoma YO1.6 (10°/well) and
Hb(64-76). Culture supernatants were removed the next day and added to the IL-2/4-dependent cell line CTLL-2. Stimulation of T cell hy-
bridoma IL-2 production was assessed as CTLL [*H ]thymidine incorporation. (0) Splenic APC; (m) B7-expressing KTC line; (0) B7-transfected
control cell line that does not express B7 either by fluorescence cytometry or RT-PCR.

When cultured with KTC and antigen, the TCR of the Thl
cells engaged peptide/MHC and received a signal to enter the
G1 phase of the cell cycle, as evidenced by T cell enlargement
and upregulation of the IL-2R. However, subsequent cell
events were distinct from the events observed with traditional
bone marrow-derived APC. Rather than continuing through
the cell cycle with resultant IL-2 production and cell prolifera-
tion, Th1 clones stimulated on KTC APC did not proliferate or
produce IL-2. This was true whether the antigenic stimulus was
a traditional peptide, a T cell mitogen, or a bacterial superanti-
gen. Importantly, mixing studies indicated that at the number
of KTC used in these experiments, a toxic or inhibitory effect
of the KTC on the Th1 clones did not account for these results.
These studies were consistent with the hypothesis that PT cells
lacked the costimulatory molecules necessary to fully stimulate
Th1 proliferation and IL-2 production and that only partial
activation of the Thl clones occurred.

It is now known that at least two of the costimulatory fac-
tors for Thl cells are B7 and heat-stable antigen (31, 32).
Whether epithelial cells express these costimulators was previ-
ously unknown. We now show that normal KTC as well as
KTC prepared from L. monocytogenes-treated mice, do not
express B7. It is interesting in this respect that the IFN-y pro-
duced during Listeria infection induced class [l MHC upregula-
tion on macrophages and KTC (6, 33-35) and of B7 on macro-
phages (36) yet did not upregulate B7 on KTC. These studies
suggest that there may be tissue specificity to IFN-y signal
transduction or B7 gene regulation. The regulation and limita-
tion of B7 expression is likely an important facet of the normal
physiology of this cell.

The cellular basis for the inability of KTC to stimulate our
Th1 clones appeared to be failure to express the costimulator
molecule B7. Significantly, the B7-transfected KTC cell line
was capable of inducing the Th1 clones to proliferate, indicat-
ing that lack of B7 expression is one way the KTC may limit its
ability to stimulate CD4* T cells, and therefore potentially
limit parenchymal destruction.

Another possibility for the failure of the KTC to trigger Th1
proliferation is that the PT lacks some other normal accessory

function. For example, TCR engagement by peptide/MHC re-
sults in APC intracytoplasmic signaling (37, 38). This signal-
ing has been shown to require the class II cytoplasmic tail and
results in the upregulation of B7 expression (39). TCR engage-
ment by specific antigen/MHC also results in a transient in-
crease of T cell/ APC affinity mediated by APC ICAM-1and T
cell LFA-1 (40). Defects within the PT signaling or adhesion
pathways upon TCR engagement could also potentially ex-
plain our results. The PT may in fact resemble the thymic
epithelium, which also fails to stimulate Th1 clones (41).

One of the current theories of peripheral CD4* T cell toler-
ance induction postulates that T cells encountering Ag/MHC
in the absence of a second costimulatory signal may result in
the induction of anergy in that T cell (42). Investigators have
attempted to examine this hypothesis by expressing allogeneic
class I MHC molecules on the o and 8 epithelial cells of the
pancreas by the use of tissue-specific promoters (43). These
studies have yielded conflicting data as far as whether T cells in
these mice are tolerant in vitro, although none of the mice
developed T cell-mediated destruction of allo-MHC-express-
ing parenchymal cells in vivo. While this type of system for
ensuring self tolerance might be advantageous for tissue-speci-
fic self antigens not expressed in the thymus, this type of system
might be deleterious if foreign antigens were able to anergize a
significant portion of the T cell repertoire during a routine
infectious process.

Our results indicate that the PT does not normally appear
to function as a professional APC despite constitutively ex-
pressing class I MHC and upregulating class II in response to
systemic inflammation. However, this failure of the PT cells to
either stimulate Th1 proliferation or induce profound anergy
may be the critical biologically significant features of KTC an-
tigen presentation function. The kidney is the principal site of
IFN-vy degradation in the body (44) which may in part explain
why the PT expresses class I MHC molecules. This parenchy-
mal class I MHC expression might represent a potentially seri-
ous problem for the survival of the organism: if epithelial cells
were to function as professional APC, the resulting parenchy-
mal tissue damage due to direct activation of T cells might lead
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to irreversible organ failure in the setting of what would other-
wise be an insignificant infection. Thus, organ systems may
have developed mechanisms to minimize potentially danger-
ous parenchymal destruction by preventing CD4* T cell acti-
vation. Although these studies support the hypothesis that the
KTC does not normally function as a professional APC, it is
possible that under certain pathologic conditions, such as in-
flammatory renal autoimmune disease, KTC acquire the abil-
ity to function as conventional APC or may synergize with
other B7-expressing cells (45, 46). It is interesting to speculate
that the development of interstitial nephritis may therefore not
be due to the upregulation of KTC class II MHC expression,
but due to the loss of the normal ability of these cells to limit
costimulator expression. This may take the form of either the
failure of the PT cell to limit B7 expression or adhesion mole-
cules, the failure of either soluble or cell-bound KTC cytokines
to inhibit T cell activation, or a combination of these mecha-
nisms.

One possibility our studies do not address is that KTC may
express unique non-B7 costimulators that can provide second
signals to nephritogenic or naive T cells, but not to T cells that
require B7. A series of studies from Neilson, C. J. Kelly, and
co-workers examining autoimmune anti-3M-1 interstitial
nephritis are particularly informative (for a recent review, see
reference 47). These investigators found that CD4* T cells
from the lymph nodes of mice immunized with 3M-1 adop-
tively transferred nephritis when injected into naive mice (48,
49). In addition, cloned nephritogenic CD4* T cells prolifer-
ated (although weakly) to 3M-1 antigen presented on the PT
cell line, MCT (50). These results suggest that certain subpopu-
lations of CD4™* T cells may be capable of using costimulators
provided by PT cells. The PT costimulator activating nephrito-
genic CD4* T cells is unknown. Identification of such a costi-
mulator would have obvious importance for the study of T cell
activation as well as for possible new treatments for autoim-
mune T cell-mediated diseases and allograft rejection.

Another interesting possibility is that the PT and class II-ex-

" pressing epithelial cells in general, may play a unique antigen
presenting role in vivo. Thymic epithelial class II expression is
critical to the positive selection of the mature CD4* T cell
repertoire (51). Studies by Lefrancois et al. (52) strongly sug-
gest an extrathymic selection mechanism for v4-T cells that
appears to depend on class II MHC expression. In addition,
studies by Rocha et al. (53, 54) have shown that peripheral
selection of the aB8-T cell repertoire also occurs for CD8* T
cells. Although this selection process may occur on the gut
epithelium, it is also possible that selection might occur on the
PT epithelium. The affinity model of T cell selection postulates
that the interaction of the thymocyte TCR with MHC/ligand
must be of high enough avidity that the cell is rescued from
programmed cell death but of low enough avidity that the cell is
not negatively selected. The interaction of Th1 TCR with PT
class I MHC/antigen would seem to fall within this spectrum
of interaction.

In summary, we have described a cell population with a
unique antigen-presenting function compared to other profes-
sional APC. KTC can process and present foreign as well as self
protein antigens yet fail to stimulate Th1 clone proliferation or
IL-2 production, at least in part due to regulation of the costim-
ulator B7. Interestingly, the KTC do not simply behave as cos-
timulator-deficient professional APC since they do not reliably
induce anergy in the Th1 clones, a phenotype distinct from that
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of professional APC. However, transfection of B7 allows the
Thl clones to proliferate to antigen presented by the KTC.
These results show that class I MHC-expressing epithelial cells
lacking B7 stimulate but fail to induce anergy in Th1 clones. T
cell mediated renal interstitial nephritis may reflect loss of the
normal ability of the KTC to limit B7 expression. These results
have important implications for understanding and perhaps
developing new therapies for renal interstitial nephritis.
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